Introduction
Materials that exhibit unusual physical properties attract considerable attention in modern day research for their potential application in a wide variety of fields. Negative thermal expansion (NTE) is an extraordinary phenomenon where materials contract in volume on heating (or expand on cooling). Although a familiar property of ice, only a small number of other solids have been shown to display this remarkable thermal behavior including some metal oxides, 1-2 metal cyanides, 3 polymers 4 and zeolites. [5] [6] [7] [8] [9] [10] [11] Zeolites are microporous materials that can accommodate a wide variety of cations in their structures. It is important to understand how zeolites behave as a function of temperature as they are used in many commercial applications including petroleum production, pollution control, chemical sensing and gas separation. Extensive research on purely siliceous zeolite structures has been carried out in recent years, which has shown that NTE is the commonly observed thermal behavior for this class of compounds rather than the unexpected. [5] [6] [7] [8] [9] [10] [11] [12] An accepted mechanism for NTE in siliceous zeolites is that correlated structural vibrations take place that do not significantly distort the individual SiO 4 tetrahedra, so-called 'rigid unit modes' (RUMs). 12 Figure 1 illustrates how the cooperative rotation of the corner-linked rigid tetrahedra (shown for only 4 tetrahedra for clarity) about their T-O-T linkages (where T = Si or Al) can result in an overall unit cell volume reduction in zeolites with the LTA topology. Thermal excitation resulting in this vibrational mode becomes more prevalent as energy is introduced into the system. Relatively little attention has been paid to aluminum-containing zeolites where the structures and properties are known to be particularly sensitive to the extra-framework charge-balancing cations and guest molecules in the pores. [13] [14] [15] [16] [17] [18] For this reason, it is important to understand what effect changing the contents of the zeolite pores has on its thermal expansion properties. Couves et al. 16 reported that zeolite Na-X showed NTE behavior over a subambient temperature range, but no structural details were provided. Other studies on zeolites Ba-Y, 13 HZSM-5, 15 and Pband Cd-RHO 14 have shown that varying the water content in the zeolitic pores can have a significant effect on the thermal expansion behavior but these studies did not provide detailed atomistic information and were complicated by dehydration during the course of the high temperature measurements.
In previous work, 18 ]). The LTA structure is composed of β-cages that are linked via double 4-rings forming larger αcages in-between. Three main sites are available in this structure for non-framework cations to occupy: the single 6-ring (S6R), single 8-ring (S8R) and near the double 4-ring (D4R) (figure 1). Dramatic changes in the thermal expansion behavior from strong negative to weak positive were reported as the zeolite pore contents were modified. Detailed structural mechanisms were proposed for the anhydrous structures but not for the hydrated system due to the high degree of disorder in the pore contents.
Here we report an extended investigation into the effect that differently sized monovalent cations have on the thermal expansion behavior of zeolites with the LTA topology by studying the dehydrated and hydrated lithium (Li-), sodium (Na-) potassium (K-), rubidium (Rb-) and caesium (Cs-) exchanged forms of zeolite A. Variable-temperature highresolution powder X-ray Diffraction (XRD) studies were car-ried out in a sub-ambient temperature range (100-300 K) to avoid compositional changes arising from dehydration. Previously reported work on the dehydrated Ag-A and ITQ-29 systems are also reviewed in order to set the discussion in context. A long-term objective of this work is to determine the structural mechanisms behind the complex thermal expansion behavior in aluminum-containing zeolites and to establish whether it is possible to tune zeolite materials chemically to produce a desired coefficient of thermal expansion (such as zero) for potential applications. 
Experimental
Na-A was prepared using the IZA-verified zeolite A preparation. 19 Ion exchange reactions were used to prepare the Li-, K-, Rb-and Cs-forms of zeolite A by stirring Na-A with the appropriate 0.1 mol dm -3 nitrate solution under gentle heat (40-50°C) for 24 hours. In order to maximize the degree of ion exchange, this reaction was repeated a number of times as summarized in table 1. Powder XRD was used to check the crystallinity of the exchanged zeolites and XRF analysis for the confirmation of elemental composition. Full cation exchange was not achieved for Rb 0.79 Na 0.21 -A and Cs 0.58 Na 0.42 -A, as the crystallinity of the zeolites greatly deteriorated after more than 10 ion exchanges.
Dehydration was achieved by heating the zeolites at 673 K for 12 hours under vacuum (10 −6 mbar). All dehydrated samples were then stored and prepared for analysis in an argonfilled glove box. Variable-temperature powder synchrotron XRD data were collected at 20 K intervals for dehydrated zeolite A samples on beamline I11 [λ = 0.82741(2) Å] at the Diamond Light Source, UK, using the multi-analyzing crystals (MAC) detector. 20 The wavelength was precisely calibrated using a high quality powder standard of Si (SRM640c). All samples were loaded into 0.5 mm diameter borosilicate glass capillaries and flame-sealed. Pawley 21 and Rietveld 22 refinements were performed using the computer software TOPAS. 23 Zeolite A was indexed in space group Fm ̅ c (a ≈ 24 Å). Thermal parameters of like atoms were grouped in each Rietveld refinement Due to their poor scattering ability, the occupancies of the Li + cations were fixed. Successful Rietveld analysis was not possible for any of the hydrated systems due to the high disorder of the zeolite pore contents. Bond valence sums and partial charge values were determined using the methods described by Brown 24 and Sanderson, 25 respectively.
Results
The size and position of the intrapore alkali-metal cations were shown to have a considerable effect on the thermal expansion behaviour of zeolite A. Table 2 details all of the calculated mean coefficients of thermal expansion, ̅̅̅ (100-300 K) , for the dehydrated and hydrated cation-exchanged forms of zeolite A; those of Ag-A and ITQ-29 are also shown for comparison. 18 Weak NTE behaviour was observed for dehydrated Na-A with a ̅̅̅ (100-300 K) coefficient similar to that of dehydrated Ag-A. This seems consistent with the ionic radii of Na + (0.99 Å) and Ag + (1.00 Å), which are comparable. 26 More surprisingly, however, weak positive thermal expansion (PTE) was observed for dehydrated Li-A and K-A, and extremely weak NTE behaviour was observed for the dehydrated Rb 0.79 Na 0.21 -A and Cs 0.58 Na 0.42 -A systems. PTE behaviour was observed in all the hydrated zeolite A systems studied. Larger ̅̅̅ (100-300 K) coefficients were determined as the cationic size increased in the fully-exchanged hydrated zeolite A systems, however, smaller ̅̅̅ (100-300 K) values were calculated for the partly exchanged systems.
Two different cation positions, similar to those reported in the literature, [27] [28] [29] [30] [31] [32] [33] were identified for the dehydrated alkalimetal-exchanged zeolite A systems: the S6R and S8R sites. Together these sites can accommodate 88 of the 96 monovalent cations per unit cell necessary to balance the anionic charge of the framework. A further potential cation site was identified near the D4R units but was not included in refinements owing to very low occupancy (<0.01). Small cations, such as Li + and Na + , were shown to be able to fit in the centre of the S6R and occupy similar cationic positions to those observed in dehydrated Ag-A. In contrast, larger cations such as K + , Rb + and Cs + , were not able to fit into the S6R and were identified in sites either side of the S6R in the α-cage (S6Rα) or β-cage (S6Rβ), as well as in a more centralized S8R position ( figure 2) . 
Discussion
The effect of exchanging different monovalent cations into zeolite A resulted in varying amounts of strain being put upon the framework as shown in the calculated Si-O-Al and O-T-O bond angles (see supplementary information). This in turn had a huge impact on the thermal expansion behavior as discussed below. Previously, 18 we showed that the strong NTE behavior observed for ITQ-29 is caused by the rotation of rigid Considerable changes in the thermal expansion behavior and mechanism were observed when Ag + cations were included in the zeolite pores. 18 Weak NTE behavior was observed for dehydrated Ag-A with a ̅̅̅ (100-300 K) value of −7.68 x 10 -6 K -1 . This equates to a unit cell volume contraction of 0.17 % upon heating, much smaller than that observed in ITQ-29. As shown in figure 3b , the Si-O(1)-Al bond angle decreased on heating as it did in ITQ-29 but by the smaller amount of 3.49 %. However, the Si-O(2)-Al and Si-O(3)-Al angles did not increase, but remained roughly constant over the whole temperature range. Significant distortions in the TO 4 As shown in figure 3c one of the most significant effects of the changes observed on heating dehydrated Na-A was to reduce the Na-O distances of cations in the S6R sites, which did not occur to a significant extent in Ag-A. Although the Na + ion is slightly smaller than Ag + in coordination numbers greater than four, the very different thermally induced structural changes observed in dehydrated Ag-A and Na-A suggest that the thermal expansion mechanism in zeolite A structures is not solely dependent on the ionic size of the monovalent cations inside the pores. Bond valence sums, atomic partial charges and M + -O distances were calculated and compared to determine if an electronic contribution also had an effect on the thermal expansion mechanism (tables 3-5). Although relatively little difference in the calculated M + -O bond distances was observed when dehydrated Na-A and Ag-A were compared, significant differences were determined in the calculated bond valence sums and estimated partial charge values. As shown in tables 4 and 5, slightly higher coordination of the cations was calculated for dehydrated Ag-A as well as a considerably smaller partial charge. This suggests that greater covalency in the Ag + -O bonds was present in dehydrated Ag-A which may underlie the different thermal expansion mechanisms. At 100 K the tetrahedra in Na-A were significantly distorted and the reduction in distortion on warming from 100-300 K (table 3 and figure 5) could contribute to driving the structural changes observed. In contrast, at 100 K the tetrahedra in Ag-A were relatively undistorted, which may reflect the more covalent bonding and possibly also cluster formation in Ag-A. 34 For the remaining anhydrous systems, the general trends in the thermal expansion behavior can be analyzed by plotting figure 6 with the mean volume thermal expansion coefficients, it can be shown that NTE behavior was only observed in zeolite A when the framework was relatively unstrained = 15-25) i.e. when the Si-O-Al bond angles are similar and the cations are a good fit for the zeolite 6-ring. Even in this region, however, the TO 4 tetrahedra are restricted by coordination to the cations and cannot rotate freely as they can in ITQ-29. This results in distortions to the TO 4 tetrahedra and weaker NTE coefficients.
When larger or smaller cations were included in the pores, greater strain was introduced into the zeolite A framework causing the Si-O-Al bond angles to take more extreme values. In these regions ( = 5-15 and 25-35) rotations or changes in the geometry of the TO 4 tetrahedra upon thermal excitation appear to be restricted due to cation-induced strain in the framework. This was well illustrated in the dehydrated Li-A and K-A systems where virtually no change in the Si-O-Al and O-T-O bond angles was observed over the whole temperature range (figures 7 and 8). Cations occupying the 6-ring position seemed to have the greatest effect on the framework strain in zeolite A and consequently its thermal expansion behavior. In dehydrated Rb 0.79 Na 0.21 -A, approximately 69% of the S6R positions were occupied by large Rb + cations and an extremely weak NTE coefficient was observed. In dehydrated Cs 0.58 Na 0.42 -A, only ~38% of the S6R positions were occupied by Cs + cations and a larger NTE coefficient was observed. This apparent correlation of thermal expansion coefficient with amount of Na + cations in the S6R could in principle provide a means of chemically tuning the coefficient to a desired value or zero. 
Conclusions
Strong NTE behavior in the purely siliceous form of the LTA structure, where the pores of the zeolite are vacant, results from rotation of the rigid SiO 4 tetrahedra upon thermal excitation causing a decrease in the zeolite pore volume and an overall contraction of the unit cell. When cations were present in the structure, the rotation of the TO 4 tetrahedra was restricted. Depending upon the size of the cations, different levels of strain were introduced into the zeolite framework. Ideally sized cations such as Ag + and Na + were able to fit perfectly into the zeolite S6R and caused the least amount of strain. Nevertheless, cation binding caused rotation of the TO 4 tetrahedra to be restricted in dehydrated Na-A and Ag-A resulting in a distortion of the tetrahedra and a weaker NTE coefficient. Cations that were not a good fit for the S6R (such as K + and Li + ) introduced much greater strain to the zeolite framework and significantly changed the Si-O-Al bond angles. In these systems significant movement of the TO 4 tetrahedra upon thermal excitation was prevented resulting in weak PTE.
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Calculated bond lengths and angles of all the samples studied can be found in the supplementary information along with selected Rietveld plots at specific temperature intervals.
